The phylogenetic enigma of snail hemoglobin, its isolated occurrence in a single gastropod family, the Planorbidae, and the lack of sequence data, stimulated the present study. We present here the complete cDNA and predicted amino acid sequence of two hemoglobin polypeptides from the planorbid Biomphalaria glabrata (intermediate host snail for the human parasite Schistosoma mansoni). Both isoforms contain 13 different, cysteine-free globin domains, plus a small N-terminal nonglobin ''plug'' domain with three cysteines for subunit dimerization (total M r Ϸ 238 kDa). We also identified the native hemoglobin molecule and present here a preliminary 3D reconstruction from electron microscopical images (3 nm resolution); it suggests a 3 ؋ 2-mer quaternary structure (M r Ϸ 1.43 MDa). Moreover, we identified a previously undescribed rosette-like hemolymph protein that has been mistaken for hemoglobin. We also detected expression of an incomplete hemocyanin as trace component. The combined data show that B. glabrata hemoglobin evolved from pulmonate myoglobin, possibly to replace a less-efficient hemocyanin, and reveals a surprisingly simple evolutionary mechanism to create a high molecular mass respiratory protein from 78 similar globin domains.
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evolution ͉ hemocyanin ͉ Mollusca A mong the plethora of gastropods using copper-containing hemocyanin for O 2 transport (1-4), a single family of freshwater snails, the Planorbidae (trumpet snails), contains a high molecular mass extracellular hemoglobin (5) (6) (7) (8) (9) (10) . Planorbid hemoglobin has been analyzed in many details biochemically (5) (6) (7) (8) (9) (10) , and some peculiar features have been revealed. In contrast to the more usual hemoglobin polypeptides of M r Ϸ 17 kDa, planorbid hemoglobin is composed (according to SDS͞ PAGE) of polypeptides with an apparent M r of 175-200 kDa, encompassing at least 10 globin domains. It has been proposed that two such subunits dimerize via several disulfide bridges and that four or five such dimers constitute the native protein (5) (6) (7) (8) (9) (10) . In electron micrographs, rosette-like rings and rather irregular particles, each of Ϸ20 nm in diameter, have been observed, and it has been suggested that both structures represent different views, or different stability forms, of the hemoglobin molecule (6) (7) (8) . Light scattering and scanning transmission electron microscopy indicated, for the native protein, a molecular mass of Ϸ1.8 MDa in the case of Helisoma (Planorbella) trivolis (8) , whereas analytical ultracentrifugation suggested 1.65 MDa in the case of Planorbis corneus (6) . On the basis of small angle x-ray scattering, a 4 ϫ 2-mer quarternary structure with pointgroup D2 symmetry has been proposed for Biomphalaria glabrata hemoglobin (BgHb) (10) . However, because of the complete lack of amino acid sequence data, and the lack of more detailed electron microscopical data, not only the subunit structure but also the quaternary structure of planorbid hemoglobin remained unclear. On the other hand, the planorbid B. glabrata is a major intermediate host species for the human parasite Schistosoma mansoni (11) , and as the major hemolymph protein, hemoglobin may contribute to parasite-host interaction, thereby probably influencing parasite survival (12) . This interesting connection, and the insular occurrence of planorbid hemoglobin within the usually blue-blood gastropods, stimulated us to trace its phylogenetic origin, solve its structure, and unravel whether it really once replaced a hemocyanin.
Results and Discussion
Electron microscopy of B. glabrata hemolymph proteins revealed Ϸ95% of asymmetric particles and Ϸ5% of symmetrical double rings (rosettes) of Ϸ20 nm in diameter; this result corresponds to observations in other planorbids (6, 7) , and both structures have been interpreted as hemoglobin (7) . After their HPLC separation ( Fig. 1 a and b) , we identified the asymmetric molecules as BgHb by correlation with their characteristic UV-visible spectrum (Fig. 1c) . However, the rosettes (BgRp, from B. glabrata ''rosette protein'') are neither hemoglobin nor hemocyanin ( Fig. 1 c-f ): They possessed the typical UV-visible spectrum of a protein lacking a pigment, did not fuse with BgHb in 2D immunoelectrophoresis, and showed two polypeptides of 31 and 25 kDa instead of a single 180-kDa band as obtained from BgHb. Further characterization of this protein is warranted, also in view of other annular proteins found in gastropods (13) and growing evidence that B. glabrata hemolymph proteins contribute to parasite-host interaction (e.g., ref. 12).
In the hemolymph, we also detected trace quantities of molecules that morphologically resembled molluscan hemocyanin (Fig. 2) . However, in contrast to the semihollow didecameric cylinders of a typical gastropod hemocyanin (3), the molecules in B. glabrata appear as decamers and hollow rings because of the absence of the internal collar complex (see Fig. 2 ). Indeed, the polypeptide chain that most probably represents B. glabrata hemocyanin (BgHc) has an apparent molecular mass of only 300 kDa compared with 400 kDa as usual for gastropod hemocyanins (refs. 1 and 4; see Fig. 1f , the largest marker polypeptide is keyhole limpet hemocyanin). We considered that the trace expression of a mutated hemocyanin in B. glabrata would have little or no significance for oxygen transport but it might still function as a phenoloxidase that, according to data from crustaceans, is required only in minute quantities (14) . However, a staining assay of protein bands in native PAGE for phenoloxidase activity carried out in the laboratory of H. Decker yielded negative results on BgHc, BgRp, and BgHb. cDNA analysis confirmed hemocyanin expression in B. glabrata and, moreover, revealed that in at least one of its oxygen-binding functional units, an active site histidine is substituted for glutamine (see Fig.  2 ). This mutation possibly will impair the ability of this putative hemocyanin to bind oxygen. Nevertheless, the presence of hemocyanin provides convincing evidence that the Planorbidae did descend from blue-blooded ancestors. A co-occurrence of hemoglobin and hemocyanin is highly unusual and has been reported only in the amphipod Cyamus scammoni, in the phylum Arthropoda (15) . By a combination of EST data and RT-PCR with primers based on the known sequence of B. glabrata myoglobin (16), we generated and sequenced cDNAs encoding two complete hemoglobin polypeptides, termed BgHb1 and BgHb2. The overlap between the different clones was at least 150 bp to ensure the correct concatenation of fragments. Instead of 10 domains as proposed, both BgHb polypeptides comprise 13 different globin domains (termed BgHb1-a to BgHb1-m and BgHb2-a to BgHb2-m; each containing 155-157 aa, M r 17.3-17.8 kDa). The presence of potential N-glycosylation sites in BgHb1 and BgHb2 is concordant with previous analyses of sugar modifications (17, 18) . To our surprise, we found ahead of the first globin domain a further domain that is rather small (90 aa in the case of BgHb1; M r ϭ 10.7 kDa); this domain is unrelated to globins and has no similarity with any other sequence in the data banks. When reducing agents are omitted in SDS͞PAGE, a 360-kDa band is observed instead of the 180-kDa hemoglobin chain (5-10), and there is also direct biochemical evidence for disulfide bonds (19) . Therefore, it was rather confusing that the 13 globin domains completely lacked any cysteine, but this puzzle was solved when we finally detected three cysteines in the small N-terminal domain (in BgHb1 and BgHb2, a fourth cysteine is in the putative signal peptide and, therefore, is posttranslationally removed). It is likely that this domain functions, in an unanticipated fashion, as a plug connection for subunit dimerization (see below); we therefore termed it ''plug domain'' (BgHb1-p and BgHb2-p). In 2D-PAGE, only partial separation of hemoglobin polypeptides could be achieved (data not shown), but for BgHb1, it could be confirmed by N-terminal protein sequencing that we indeed sequenced a full-length clone. Also, MALDI-MS was performed to correlate the sequences to the protein spots (data not shown). We also sequenced two globin domains of a third Hb polypeptide (termed BgHb3). The question whether these three polypeptides represent different hemoglobin isoforms (homooligomers) or different subunits of the same hemoglobin (heterooligomer) still is open.
We performed multiple protein sequence alignments of the various BgHb domains together with several bivalve hemoglobins and gastropod myoglobins (Fig. 3) . As expected from the insular occurrence of planorbid hemoglobin, and from very different quaternary structures (see literature cited in ref. 20) , the bivalve hemoglobin sequences are too remote to serve as suitable outgroups (sequence identity with BgHb Ϸ17%). Even sea hare (Aplysia) myoglobin shares only 17 Ϯ 2% identity with the BgHb domains. However, myoglobin from B. glabrata, and also that from Lymnaea stagnalis (pond snail; possessing hemocyanin), show 54 Ϯ 4% identity with the BgHb domains; similar values are obtained if the paralogous BgHb domains are compared. Orthologous domains from the different BgHb polypeptides, however, show 71 Ϯ 7% identity. Phylogenetic trees constructed from such alignments (Fig. 4 ) strongly suggest that planorbid hemoglobin evolved by multiple gene duplication and gene fusion events from an ancient pulmonate myoglobin, as predicted in ref. 21 . Moreover, it is clear that BgHb1 and BgHb2 originated from a single gene duplication event, which occurred after evolution of the complex molecular organization of the initial hemoglobin subunit. Relative rate tests were performed that showed that some heterogeneity in the evolutionary rates can be observed when the different domains are compared, but their mean value supports a rather homogenous evolutionary rate. The oldest fossil record of a land snail (Dawsonella meeki) stems from the Carboniferous, 325 million years ago (22) , and has been used here to define the origin of the pulmonates; the oldest fossil of a planorbid dates back 175 million years (23) and defines here the origin of BgHb. On this basis, we calibrated a molecular clock; it suggests that the BgHb1͞BgHb2 split oc- The calculated molecular mass of the BgHb1 polypeptide is 238 kDa instead of the Ϸ180 kDa as deduced from SDS͞PAGE (see Fig. 1e ), which means that the subunit dimer mass is 476 kDa. It has been suggested from small angle x-ray scattering that the native 1.4-1.8 MDa molecule is a tetramer of dimers (4 ϫ 2-mer) with point group D2 symmetry (10) . To prove this model, we performed transmission electron microscopy-based single particle analysis (3) to provide a preliminary 3D reconstruction at 3 nm resolution (1͞2-bit criterion). For the latter, 1,818 negatively stained molecules representing very different views were arranged into 333 final classes. Initially, a C1 and then a C2 symmetry was assumed (and confirmed by evaluating the quality of reprojections), and a 3D reconstruction at 3 nm resolution was retrieved (Fig. 5) . This reconstruction suggests the presence of six repeating units arranged in pairs (3 ϫ 2-mer͞D3 symmetry), and challenges the earlier 4 ϫ 2-mer͞D2 symmetry model (10) . It allowed a preliminary fit of six similar copies of a BgHb chain model, together representing 78 globin domains plus six plug domains ( Fig. 5 ; see also Fig. 6 , which is published as supporting information on the PNAS web site). This configuration comes very close to the 80 globin domains assumed earlier on the basis of eight subunits and 10 domains for each subunit. From the reconstruction, a maximum diameter of the BgHb molecule of 17.5 nm was calculated. With the negatively stained images used here, we failed to further improve this 3D reconstruction, and cryoelectron microscopy (3) can be applied to prove the new model.
But why did these snails change their respiratory protein, from hemocyanin to hemoglobin, when hemocyanin has successfully performed its task in countless mollusks for Ϸ740 million years (1)? The only other known gastropod that has hemoglobin is the deep-sea vent caenogastropod Alviniconcha hessleri, which harbors the red pigment in its gill to support endosymbiotic bacteria (24) . Functional analysis has revealed that BgHb exhibits a high oxygen affinity (p50 Ϸ6 mmHg; 1 mmHg ϭ 133 Pa); this feature is interpreted as an adaptation of the snails to their pond habitat, where they experience extreme variation in oxygen gas tension and temperature (20) ; functional studies of Helisoma (Planorbella) trivolvis Hb domains and intact Hb point into the same direction (25) . Other freshwater snail species, such as the Lymnaeidae that employ hemocyanin for oxygen transport, also prosper in similar habitats. However, because of the comparatively higher affinity of their hemoglobin for oxygen, planorbids have a more efficient physiological exploitation of the pulmonary O 2 store, yielding a substantially increased diving potential, compared with lymneids (20) .
Also, various clam species possess high-affinity hemoglobin that is closely related to their respective myoglobin, but most hemoglobins in bivalves are small and intracellular; the only known exceptions are the huge 14-to 24-domain rodlike hemoglobins in Astarte and Cardita (26, 27) . In the deep-sea clam Calyptogena kaikoi, the major physiological role of hemoglobin is apparently storage of oxygen under low-oxygen conditions rather than circulating of oxygen (28) . As suggested by Mangum (29) , hemocyanin probably is not able to evolve into high-affinity forms, in contrast to hemoglobin. An alternative scenario is suggested by the existence of the truncated BgHc (see Fig. 2 ). Of course, the underlying mutations might have happened after hemocyanin was replaced by hemoglobin, but what if these mutations occurred first? This incomplete hemocyanin still may have served for oxygen transport in a limited way, which was once sufficient for a terrestrial life but became a handicap, needing to be replaced when the terrestrial ancestors of the planorbids colonized freshwater habitats (20) .
Regardless of which reason hemocyanin was abandoned as an oxygen transporter in planorbids, the evolution of a high molecular mass extracellular hemoglobin (in adaptation to colloidosmotic, rheological, and functional constraints; refs. 20 and 29) from a small intracellular myoglobin, usually present in the gastropod radula muscle (26) , is strikingly elegant. This hemoglobin is ingeniously designed in that multiple gene duplications and fusions, plus the introduction of a simple plug connection, enabled this intriguing multimolecular association to occur without major changes of the globin domains. Interestingly, the prime attribute of molluscan hemocyanin, the large multidomain polypeptide, is also a structural feature in planorbid hemoglobin. Moreover, the higher-order quaternary structure of both proteins is achieved by using the subunit dimer as the repeating unit. Remarkably, gastropods synthesize both proteins in the same cell type, the so-called pore cells or rhogocytes, from which they are released by merocrine secretion (30, 31) . It therefore appears that the planorbid snails use the same cellular machinery as their gastropod relatives to express red blood as an alternative to the phylogenetically older blue blood.
Materials and Methods
Animals and Hemolymph Collection. B. glabrata were obtained as a gift from R. Geyer and M. Dornhoff (University of Giessen, Giessen, Germany). Before bleeding, animals were cooled on ice. Hemolymph was collected by inserting a thin needle into the foot of the animals, and immediately after bleeding, protease inhibitor (Pefabloc; Roth, Karlsruhe, Germany) was added to a final concentration of 1 mM. Blood cells and cellular debris were removed by centrifugation at 10,000 ϫ g for 10 min at room temperature.
Purification of Hemolymph Proteins. Hemolymph proteins were purified by HPLC (Gilson, Middleton, WI) by using a QSepharose anion-exchange column with a bed volume of 20 cm 3 (Amersham Pharmacia, Germany). Protein (20-30 mg) was applied to the column and eluted with a step gradient of NaCl (0-0.5 M) in ''stabilization buffer'' (50 mM Tris⅐HCl͞5 mM CaCl 2 ͞5 mM MgCl 2 , pH 7.4). The flow rate was 0.5 ml͞min. Two-milliliter fractions were collected, containing either purified BgHb (Ͼ95% of total protein) or BgRp͞BgHc (Ͻ5% of total protein). The latter fractions were combined, concentrated to a volume of 0.5 ml, and applied to a Sephacryl S-400 gel permeation column (Amersham Pharmacia, Freiburg, Germany) with a bed volume of 30 ml. Proteins were eluted with stabilization buffer, and 0.5-ml fractions were collected.
Protein Analysis. Negatively stained specimens for transmission electron microscopy were prepared from hemolymph proteins by the single-droplet procedure as described in ref. 4 ; before specimen preparation, the protein sample was treated with 0.05% glutaraldehyde, because otherwise structural alterations of the particles later identified as hemoglobin were observed. Three-dimensional reconstruction by single-particle analysis of 1,818 individual hemoglobin molecules by using the IMAGIC software package was done as described in ref. 3 . This analysis was possible from negatively stained particles because they were present on the grids in many different views. The reconstruction was visualized by the AMIRA software package, and the model hemoglobin chain was fitted by hand. SDS͞PAGE in 10% gels and crossed immunoelectrophoresis also were performed as described in ref. 4 . Rabbit anti-Biomphalaria total hemolymph protein antibodies were used. N-terminal sequencing and peptide pass mapping by MALDI-TOF mass spectrometry were done by commercial services (Hans Heid, Deutsches Krebsforschungszentrum, Heidelberg, Germany, and Christian Hunzinger, ProteoSys, Mainz, Germany, respectively).
RNA Preparation. RNA from whole tissue was isolated by using the PolyATtract mRNA Isolation System (Promega) and performed according to the manufacturer's instruction manual. The bound RNA finally was eluted by using diethyl pyrocarbonate-treated water. The RNA was stored at Ϫ20°C.
RT-PCR, Electrophoresis, and Cloning. Reverse transcription was performed with the Transcriptor First-Strand cDNA Synthesis Kit (Roche, Mannheim, Germany) by using 100 ng of mRNA, according to the proposed protocol of the manufacturer. First, primers were depicted from short sequence data, which were obtained by screening a cDNA library. Subsequent primers were designed from the obtained data and combined with first primers, which strongly cross-reacted within other domains. PCR was done by using a three-step PCR protocol with an initial denaturing step of 94°C for 2 min and a final extension step of 10 min at 72°C. Cycling was performed for 35 times with two different primer annealing temperatures (53°C and 60°C for 30 sec). Denaturation was 10 sec, and the polymerization step was 2 min. The 5Ј end of the cDNA of BgHb1 and BgHb2 was obtained by chance, whereas the 3Ј end of BgHb1 and BgHb2 was obtained by using a standard oligo(dT)-primer in combination with a specific primer depicted from BgHb1-m and BgH2-m, respectively. PCR products were separated in a standard 0.8% agarose gel by using 1ϫ TBE (89 mM Tris͞90 mM boric acid͞ 2 mM EDTA, pH 8) as the electrophoresis buffer. Bands were extracted by using the Spin Gel Extraction Kit from Qiagen (Hilden, Germany) and cloned into Topo TA (Invitrogen, Karlsruhe, Germany) or sequenced directly. Recombinant plasmid-containing clones were processed by using the plasmid Miniprep Spin Kit from Peqlab (Erlangen, Germany) or PCR verified. cDNAs were sequenced by commercial services from both ends by using M13 forward͞reverse primers. Direct sequencing and primer walking was done with gene-specific primers purchased from Sigma-Ark (Darmstadt, Germany). Cycle sequencing reactions were performed by using the Taq DyeTerminator system.
Phylogenetics. Multiple amino acid sequence aligments were performed by using ClustalX 1.83 (ref. 32 ; ftp:͞͞ftp-igbmc.ustrasbg.fr͞pub͞ClustalX) and manually optimized by using Genedoc (ref. 33 ; www.psc.edu͞biomed͞genedoc). Tree reconstructions were done by the Bayesian Monte Carlo Markov Chain method implemented within MrBayes (http:͞͞mrbayes. csit.fsu.edu). The best model was identified by using the ProtTest (ref. 34 , http:͞͞darwin.uvigo.es͞software͞prottestserver.html). Four chains were run simultaneously for 600,000 generations, burn-in was 60,000 generations, and trees were sampled every 100 generations. The consensus tree was edited and visualized by using Treeview 1.6.6 (ref. 35 ; http:͞͞taxonomy.zoology.gla.ac.uk͞rod͞ treeview.html).
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